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Abstract 
Mineral and bioclimatic factors controlling soil black carbon sequestration 
potential along an elevational gradient 
by Adam Fernandez 
Black carbon (BC) is formed by the incomplete combustion of fossil fuels, biofuels, and 
biomass. It has been suggested due to its ubiquitous nature in soils that BC may act as a 
significant sink in the global carbon cycle. BC has been widely studied in a variety of soil 
and sediment types but spodosols (acid forest soils) have been underrepresented in the 
literature. In the present study, spodosol soil samples were collected along an elevational 
gradient (~500 to 1,200 m) from three different mountains in the White Mountain National 
Forest of New Hampshire. Total soil carbon was first measured using the loss on ignition 
method as a proxy for total organic carbon (TOC) including BC. BC concentrations were 
then quantified and characterized using both the chemo-thermal oxidation method at 375 
degrees Celsius (CTO-375) and Pyrolysis-GC-MS. Using these analyses, it was possible to 
quantify total BC in the studied soils in addition to the sources. Soil texture was also 
measured using particle size distributions obtained from the Malvern Particle Size 
Analyzer to determine if particle size played a role in the sequestration of black carbon in 
soils. Mineral species and concentrations were measured using x-ray powder diffraction 
(XRD) to determine relationships between mineral content and BC sequestration due to 
chemical bonding. The results indicate that the BC/TOC ratio is highest where TOC is 
lower irrespective of altitude. Only weak trends were observed when comparing BC 
concentrations to average particle size distributions. Bulk soil mineralogy was also found 
to be an ineffective means of analyzing mineral concentrations in relation to BC. 
Pyrolysis-GC-MS analysis detected the presence of PAH compounds confirming the 
presence of BC in the samples analyzed.  
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1. Introduction 
 
Black carbon (BC) is widely produced through the burning of fossil fuels in addition 
to biomass burning and has been found to be widely distributed across the surface of the 
Earth in many different environments, ranging from icecaps to arid deserts. It has been 
suggested due to its ubiquitous nature in soils that BC may act as a significant sink in the 
global carbon cycle (Kuhlbusch, 1998). BC is one of the most resistant forms of reduced 
carbon toward chemical oxidation and due to its high estimated production rates, BC 
could compose a major proportion of all organic carbon buried in sediments (Schmidt and 
Noack, 2000). BC is recognized as a component of interacting biogeochemical cycles in 
the Critical Zone, the complex, active “skin of the Earth” from vegetation canopy through 
soil and decomposed rock to the water table (Chorover et al. 2007). Thus, there is 
relevant relationship between soil BC and soil mineralogy. BC may associate with “short 
range order” minerals and mineraloids, with short or amorphous crystal structures 
(Cusack et al. 2012), or heavy minerals (Brodowski et al. 2005), or possibly clays 
(Zeraatpishe et al. 2012). 
BC has been widely studied in a variety of soil and sediment types but spodosols 
have been underrepresented in the literature. In the present study, spodosol soil (acid 
forest soil) samples were collected along an elevational gradient (~500 to 1,200 m) from 
three different mountains in the White Mountain National Forest of New Hampshire. 
These samples were then studied to determine if there were mineral, bioclimatic, or 
physical properties of soils limiting the sequestration potential of BC. It was hypothesized 
that BC concentrations would likely be lower at higher elevations, which are prone to 
increased precipitation and erosion that would limit the amount of minerals present for 
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the bonding of BC.  
 
1.1 Black Carbon as a Sink in the Global Carbon Cycle 
 
BC is one of the most resistant forms of reduced carbon toward chemical oxidation 
and is often found in sediments and soils. High estimated production rates of BC 
(Kuhlbusch and Crutzen, 1995) together with high resistance to degradation imply BC 
could compose a major proportion of all organic carbon buried in sediments (Schmidt and 
Noack, 2000). BC slowly decomposes in the environment, but part of it is preserved for 
thousands of years. Global biomass burning generates an estimated 40 to 260 megatonnes 
of BC per year, and 5 to 40% of total soil organic carbon (OC) is estimated to be BC 
(Jaffe et al., 2013). The global BC stock in sediments, soils, and waters combined is 300 
to 500 megatonnes of carbon. BC has been considered as extraordinarily stable in the 
environment. However, current production rates exceed estimates of decomposition rates 
(Jaffe et al., 2013). Figure 1 depicts BC as it relates to the global carbon cycle. 
Schmidt and Noack (2000) theorized that if the BC is not being mobilized off the 
continents at a rate equal to its long degradation times, then it must be accumulating 
rapidly in soils or being mineralized by severe oxidative mechanisms. In this case the 
severe oxidizing agent identified in soils is microorganisms (Shneour, 1966), although 
more recent research has found this to not always be the case (Shindo, 1991). It is also 
important to note that as a part of the global carbon cycle, vegetation fires are thought to 
represent a sink with respect to the atmosphere (Kuhlbusch and Crutzen, 1995). 
However, the rise in atmospheric CO₂ content since the beginning of the Industrial 
Revolution does not account for all the CO₂ released by fossil fuel and biomass burning. 
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The ocean acts as a sink for some of this CO₂ in the form of carbonates and bicarbonates, 
but this is not enough to account for estimates of CO₂ released. An increased uptake of 
CO₂ by plants has been suggested as an important sink for the missing carbon. Other 
terrestrial sinks are sought, such as BC and oceanic sediments derived from terrestrial 
runoff (Schmidt and Noack, 2000). Seiler and Crutzen (1980) estimated that the total 
annual biomass exposed to fire amounts to 9-17 x 109t (9-17 x 1012kg) dry matter, 
equivalent to 4-8 x 1012kg carbon. Of this total, 5-9 x 109t (5-9 x 1012kg) carbon is burned, 
resulting in an annual flux of 2-4 x 109t (2-4 x 1012kg) carbon, and indicating a global 
average burning efficiency of ~50%. Fires in the tropical and subtropical regions of the 
world accounted for 70% of the global biomass combusted. The mid-latitudes of the 
Northern Hemisphere accounted for the remaining 30% of biomass combusted.  
Schmidt and Noack (2000) concluded that the total annual formation of BC from this 
global combustion was typically 0.5-1.7 x 1012kg carbon, with an average of 1.1 x 1012kg 
carbon. In the opinion of Schmidt and Noack, this BC residue represented a significant 
sink for atmospheric CO2 and as such should be included in geochemical models for both 
carbon and oxygen cycles. Schmidt and Noack do also acknowledge challenges in 
making these determinations when comparing different sources of BC. This is due to a 
lack of standardization of both identification of BC and analytical protocols to quantify 
BC in the different matrices, including peats, organic and mineral soils, lacustrine, and 
marine sediments. (Schmidt and Noack, 2000) 
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Figure 1: C flux cycle with respect to black carbon (BC) 
 
Carbon Project 2014 Designed by the IGBP 
 
Glaser et al., (2001) through their study of Terra Preta (very dark, fertile 
human-made) soils of the Amazonian Basin, concluded that BC can act as a significant 
CO2 sink. Their finding was that black carbon formation and deposition in soils and 
sediments enhances the accumulation of biomass produced carbon into a slow cycling 
carbon pool, permitting its storage and transfer from the faster cycling 
atmosphere-biosphere system. It is thus involved in channelization of carbon away from 
biomass formation and cycling into a refractory pool, which is poorly mineralizable by 
microbial communities. This effect is made possible due to BC’s high carbon 
sequestration potential from its chemical recalcitrance and long mean decomposition rate 
(Shresta et al., 2010).  
Jaffe et al., (2013) summarized in their paper “Global Charcoal Mobilization from 
Soils via Dissolution and Riverine Transport to the Oceans”, that a large percentage of 
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BC produced is entering water ways through dissolution and that it may not be an 
effective long-term carbon sink. BC has been considered as extraordinarily stable in the 
environment. However, current production rates exceed estimates of decomposition rates. 
(Jaffe et al., 2013) This mismatch in production vs. degradation would suggest that there 
should be a large percentage of BC found in soils and sediments, but Jaffe et al.’s (2013) 
research presents evidence to the contrary. Measurements of BC age in boreal forest soils 
suggested that microbial degradation and erosion of BC may be more substantial than 
previously believed. BC samples studied showed turnover times ranging from less than 3 
years to less than 100 years in half the samples and over millennia in the other half. 
According to Jaffe et al; (2013) this range of reactivity is probably a function of charring 
temperature and source material, but also, environmental factors such as soil properties 
and local fauna which play a role in BC decomposition.  
Jaffe et al., (2013) also proposed that in addition to complete oxidation of BC into 
CO2 and particle erosion, BC can also be mobilized from soils in a dissolved form as 
dissolved BC (DBC). The objective of Jaffe et al.’s (2013) study was to provide an 
estimate of the global flux of DBC from land to ocean through rivers. For this purpose, 
they determined the concentration of DBC in rivers globally across a wide range of sizes, 
from major rivers to head water streams and wetland watersheds, and geographically 
from the Arctic to the southern mid-latitudes. Based on the literature reviewed there is 
currently no effective method for the removal of DBC from water bodies.  
Jaffe et al.’s (2013) research used dissolved organic carbon (DOC) found in the water 
ways as a baseline to determine what the total amount of DBC was in the same water 
ways. Although a wide range of variability among individual rivers was observed as 
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expected, the global linear relationship between DOC and DBC concentrations appears 
enigmatic on a first view. The data suggested that the diagenetic processes driving the 
release of DOC and DBC from soils are related. Furthermore, the close coupling between 
DBC and DOC fluxes indicates that the release and subsequent sorption and desorption 
processes of DBC are a complex function of environmental factors and soil properties, 
just as for bulk DOC. Jaffe et al. (2013) surmised that DOC could be directly involved in 
the physical translocation process of soil BC to DBC due to the linear relationship 
between DBC and DOC concentrations. The dissolved organic matter may serve as a 
mobilizing agent through hydrophobic interactions. 
Per the data collected by Jaffe et al. (2013) it was clear that DBC is globally 
ubiquitous in freshwater environments. The data showed that approximately 26.5 million 
tonnes of carbon of DBC enter the oceans every year, which is in the same order of 
magnitude as the estimated range of the annual production of BC from vegetation fires, 
which is 40 to 250 tonnes of carbon per year of BC. Although other soil processes such as 
microbial oxidation, sorption of DBC on aquifer materials, erosion, and reburning also 
may contribute to the loss of soil BC, Jaffe et al.’s (2013) study showed that DOC is an 
important environmental intermediate for both transfer and storage of BC. Continued 
human interactions with watersheds, such as slash and burn agriculture, and global 
climate change impacts such as permafrost thaw will likely cause an equivalent rise in 
DBC in the Earth’s waterways. This is because these actions will lead to an increase in 
terrestrial DOC export from land to the oceans. It has been suggested that bio-char be 
applied to soils as a means of carbon sequestration but this would likely only exacerbate 
the problem of translocation and export of DBC to marine systems (Jaffe et al., 2013). 
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Although, it is possible that not all DBC measured was in fact derived from the 
incomplete combustion of organic carbon sources. While conducting isotopic analyses of 
graphitic BC samples isolated from pre-industrial marine and terrestrial sediments, 
Dickens et al. (2004) observed that the BC in oceans was terrestrially derived and almost 
entirely depleted of radiocarbon, suggesting that it was graphite weathered rocks, rather 
than a combustion product. They concluded that the presence of fossil graphitic BC in 
sediments had led to overestimation of combustion-derived BC in marine sediments and, 
depending on its susceptibility to oxidation. This recycled carbon may be locked away 
from the biologically mediated carbon cycle for many geologic cycles (Shresta et al., 
2010). 
A current challenge complicating the successful quantification of current and 
historical rates of BC production from different sources is a lack of standardization of 
both identification of BC and analytical protocols to quantify BC in the different matrices. 
(Schmidt and Noack, 2000) 
 
 
1.2 Black Carbon in Soils and Paleosols 
 
BC is created by the burning of biomass in the environment by both natural and 
human causes, in addition to fossil fuel combustion. BC in soils and sediments is defined 
as carbonaceous substance of pyrogenic origin, which is resistant to thermal or chemical 
degradation (Hammes et al., 2007). According to estimates found in literature, >80% of 
BC produced ends up in the soil, where it can reside for hundreds to thousands of years, 
being relatively resistant to biological and chemical breakdown (Forbes et al., 2006; 
Preston and Schmidt, 2006). The chemistry of these materials varies with the degree of 
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fire exposure and the production mechanism (Kuhlbusch et al., 1996). 
Burning vegetation has produced BC since the Late Devonian (~350 Ma), as 
evidenced by the local abundance of charcoalified plant fragments, called inertinite, in 
many post-Devonian sedimentary sequences (Cope and Chanloner, 1980; Goldberg, 1985; 
Jones and Chaloner, 1991). Debate on the recognition and origin of fossil charcoal (fusain) 
in the geological record was reviewed by Scott (1989). These discoveries of ancient BC 
in the geologic record are important in that they show that BC has been a natural part of 
soils on the planet for a very long time and that much of this BC still exists to this day. 
Scott (1989) also produced criteria for a wildfire origin for this charcoal by comparing 
chars produced in a laboratory with fossil material. Research has also shown that the 
random reflectance of charcoal has been shown to increase linearly with the temperature 
of formation (Jones and Chaloner, 1991; Kruge et al., 1994). When this correlation was 
applied to Carboniferous fossil charcoal, the temperature of formation found was roughly 
370o-480oC, which would be consistent with temperatures recorded from modern 
wildfires (Bailey and Anderson, 1980). This data showed enough correlation to conclude 
that the charcoal found in the geologic record was most likely created by large scale 
wildfires. 
The acceptance of a fire origin for at least some fusain has enabled its use as an 
indicator of wildfire since at least the Late Devonian, with broad implications for 
paleoatmospheric oxygen content (Schmidt and Noack, 2000). Paleoatmospheric oxygen 
concentrations have also been estimated using the occurrence of BC in the geological 
record as an indicator (Cope and Chaloner, 1980). This research is important because the 
overall atmospheric oxygen content is vital to the combustion of biomass and is a major 
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factor in the temperature of combustion, which ultimately affects the formation of BC. 
Conversely one can use BC data in reverse to determine what the atmospheric oxygen 
content must have been to facilitate the formation of certain types of BC. Thus, the 
presence of charcoal in the environment indicates a minimum limit for the oxygen 
content of the atmosphere near 15 mol percent and the absence of total combustion of 
vegetation provides an upper limit of ~35 mol percent. 
The Cretaceous/Tertiary (K/T) boundary ~66 million years ago is marked by massive 
extinctions on a global scale. The cause of this global catastrophe has been attributed by a 
wide range of studies to a combination of a large meteorite strike and massive volcanism. 
However, debate on the exact cause of this extinction is still ongoing. Geological records 
also show evidence of wildfires on a global scale at this event. The mean carbon 
abundance of 0.021 g cm-1 in the K/T boundary represents a worldwide flux 104 times the 
present flux (Goldberg, 1985) and 103 times that of the Late Cretaceous-early Tertiary, as 
determined from samples immediately above and below the K/T boundary. Scanning 
electron microscopy indicated a bimodal size distribution of BC, with sub micrometer 
particles having morphologies characteristic of BC derived from flaming combustion as 
soot, and large micrometer particles were like those obtained from forest fires. Wildfires 
were postulated as the source of the charcoal layer (Schmidt and Noack, 2000). Further 
research conducted by Wolbach et al. (1988) used better techniques which allowed for the 
estimation of the proportion of the fine soot and coarse fractions of the elemental carbon.  
Their refinements showed that soot enrichment coincided with the signature iridium layer 
of the event and suggested that meteorite impact triggered the fire.  
Herring (1985) calculated BC fluxes from charcoal concentration and sediment 
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accumulation rates in Cenozoic sediments from deep-sea cores of the North Pacific 
Ocean. The study concluded that charcoal concentrations were consistently higher in the 
Holocene than what was observed in older sediments. Chemical or biological destruction 
of charcoal in older sediments was ruled out due to the consistent size distributions of 
charcoal particles throughout the sediment column. The particle size distributions would 
have been more inconsistent if the charcoal had been destroyed by chemical or biological 
means. The increased charcoal flux was then shown to be related to increased biomass 
burning on land, which is consistent with existing paleobotanical evidence. The increased 
biomass burning is most likely due to an increasingly cool climate throughout the 
Cenozoic, which allowed temperate and more combustible plants to grow where they 
otherwise would not have in earlier periods.  
Studies performed on more recent soils and sediments show that BC is still present 
and persistent in the soil to this day. For example, Singh et al. (1981) found that charcoal 
has remained plentiful since ~120,000 years before present day in the clay sediments of 
Lake George, New South Wales, Australia. The study also found that the abundance of 
charcoal increased by an order of magnitude 35,000 years before present, coinciding with 
the arrival of humans. Early humans, through their extensive use of fire for various 
purposes, dramatically altered the distribution and types of vegetation throughout the 
region as well as the distribution of BC.  
BC is commonly found in soils as microscopic and macroscopic particles of charcoal. 
Although BC in soil is generally an indicator of past fire, without the time constraints 
offered by laminated sediments, its use in the interpretation of fire history is limited. 
Furthermore, when BC is introduced to agricultural soils because of land clearing 
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practices, and subsequent straw burning, there would be a finely divided BC layer added 
(Schmidt and Noack, 2000). Despite these challenges, analysis of soil profiles has 
indicated the presence of charcoal throughout the soil profile. Charcoal fragments of 
millimeter dimension are incorporated into the soil either at the time of deposition with 
aeolin silt, during mass movement, or by biological or frost churning (Fedoroff et al., 
1990). 
The increase in human consumption of fossil fuels has also had a significant impact. 
BC from fossil fuel combustion has been found throughout the world in different 
environments and the fraction of global BC from fossil fuel consumption is predicted to 
continue to rise. To help prove that this was really the case, Griffin and Goldberg (1979; 
1983) studied BC in sediments from Lake Michigan. Sediments deposited after 1900 
contained coal, oil, and wood derived BC, whereas older sediments contained only wood 
charcoal based on a study of the morphology of the particles. The size distribution of the 
particles also showed the transition periods from primarily wood burning operations to oil 
and coal burning. The largest particles were also observed closest to the major sources of 
BC on Lake Michigan, namely the power plants. A decrease in observed BC 
concentrations in deposits post 1960 to 1979 was attributed to improved emission 
controls on power plants and industrial facilities in the area and nationwide.  
To further illustrate the connection between human fossil fuel combustion and overall 
BC concentrations in soils, Rumpel et al. (1998) performed tests on soil from highly 
industrialized areas of Germany. The study showed that the atmospheric deposition of 
combusted particles and coal dust from coal processing industries contributed up to 80% 
of the total soil organic carbon, which was equivalent to 35 kg m-2 for the top 25 cm layer. 
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The data collected by Rumpel et al. was further supported by additional research 
conducted in previous and subsequent years (Schmidt et al., 1996; 2000). 
The presence of BC has been proposed as a source of highly aromatic components of 
soil humic acids extractable from soils (Haumaier and Zech, 1995; Skjemstad et al., 
1996). Kumada (1983, 1987) compared humic acids prepared from charred materials with 
soil humic acids. Charcoal collected from soil horizons yielded the largest amounts of 
humic acids, followed by samples picked up from bonfires. It was proposed from the 
study that carbonaceous products of plant combustion are “weathered” under natural 
conditions to form parts of the humic and fulvic acid fraction (Kumada, 1993; Schmidt 
and Noack, 2000). The higher aromatic carbon content of humic acids could be due in 
part to a history of biomass burning (Almendros et al. 1998). 
The study by Almendros et al. (1998) showed that grasslands managed by regular 
burning contained a greater portion of aromatic and carbonyl carbons compared to sites 
left to regenerate to natural forests with the cessation of burning operations. Density 
fractions of soils were measured in areas where vegetation burning was practiced 
frequently using 13C number clear magnetic resonance (NMR) and proton spin relaxation 
editing (PSRE). The results of the analyses indicated the presence of considerable 
amounts of charred plant residues and charcoal in free forms and bonded to minerals 
(Golchin et al., 1997). Takahashi et al. (1994) also concluded in their research that the 
deliberate burning of vegetation by human populations has been an important factor in 
the formation of deep black soils in the xeric moisture regime of northern California.  
Based on several studies it is apparent that there is a relationship between deep black 
soil color and the presence of BC or high proportions of extractable highly aromatic 
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humic acids. Studies of volcanic ash soils in Japan and New Zealand also revealed a 
relationship between grassland and melanic (deep black) soil color (Sase and Hosono, 
1996). Australian grassland soils, which were under aboriginal fire management practice, 
presumably for thousands of years, are characterized by black A horizons with up to 30% 
of the soil carbon present in charred form, whereas adjacent forested soils that were not 
subjected to regular burning were gray and contained little char (Skjemstad et al., 1997). 
These studies give further support to the concept that charred organic materials or BC are 
the primary source of the chemically stable aromatic components of soil organic matter. 
Furthermore, soils subjected to continued burning regimes by human populations contain 
considerable amounts of BC and often have a dark color. 
 
 
1.3 Black Carbon as a Component of Biogeochemical Cycles in the Critical Zone 
 
The Earth’s Critical Zone (CZ) is the heterogeneous environment where complex 
interactions between rock, soil, water, air, and living organisms regulate the availability 
of life sustaining resources (NRC, 2001). Vegetation, soils, and landforms are all integral 
parts of the CZ, which is an open system that facilitates the exchange of matter and 
energy between the atmosphere, lithosphere, and hydrosphere. Over time, the exchange 
processes which are always in flux alter the internal composition of the CZ. The effects of 
the constant exchange of matter and energy can be observed at scales ranging from 
weathering particles, through soil profiles to watersheds (Chorover et al. 2007). The 
biogeochemical cycles which exist in the CZ are also vital in predicting pollutant fate and 
transport within the CZ to sustain overall water and soil quality.  
Plants and autotrophic microorganisms that colonize the sunlit surface of the CZ play 
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a central role in the formation of these interfaces by transforming radiant energy to 
chemical form, such as plants photosynthesizing sunlight into necessary nutrients. The 
surface soils are a CZ “hot spot” of metabolic and geochemical activity. Surface soils 
contain the highest percentage of roots and their fungal associations (mycorrhiza), the 
greatest microbial biomass, and the largest pool of natural organic matter (NOM) 
(Chorover et al. 2007). Geology directly impacts life in the CZ, as most organisms cannot 
survive on unweathered bedrock; abiotic and biotic weathering processes are necessary to 
transform bedrock into a medium that can support life (Jin et al., 2010). Relevant 
functional groups in the CZ include aerobic and anaerobic heterotrophs and 
chemolithoautrophs, all of which influence carbon, nitrogen, sulfur, and metal cycling. 
The distribution, biomass, and activity of these groups depend on the availability of 
appropriate nutrients and energy sources in their respective habitats (Akob et al., 2012). 
CZ habitats vary in their physical, chemical, and biological composition with the 
most complex and productive regions occurring near the surface due to the availability of 
energy, namely sunlight and less complex regions further below. Habitat complexity 
depends partially on bedrock weathering. Areas where rocks are fractured, ground, 
dissolved, and bioturbated into transportable minerals generally exhibit the greatest 
habitat complexity (Brantley et al., 2007). CZ habitats are estimated to harbor the unseen 
majority of Earth’s biomass. The total carbon concentration in subsurface 
microorganisms is believed to be equal to that of all terrestrial and marine plants 
(Whitman et al., 1998). 
The three-dimensional weathering/rock matrix of the CZ forms a variety of 
heterogeneous microhabitats for biota that differ due to the amount and source of water 
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inputs (Akob et al., 2011). Small pores (nanometer (nm) to micrometer (um) in size) are 
found within mineral particles, black carbon, or particle aggregates and can be formed by 
abiotic processes, such as chemical weathering, fire, aggregation, or via biological 
processes, such as bioturbation, root-soil interactions, or microbial activity (Jarvis, 2007; 
Chrover et al., 2007). The concentration of BC in the soil could therefore play an 
important role in the quantity of microorganisms present in surface soils. The presence of 
these microorganisms could therefore potentially impact the total quantity of BC being 
trapped or processed surface soils. 
Interfaces between liquid, gas, and solid compounds (including microorganism 
surfaces) are of fundamental importance for almost all biogeochemical processes along 
the water transport pathway in the CZ. This fundamental relationship makes their impact 
on nutrient cycling and pollutant fate profound (Chorover et al., 2007). However, there 
are still currently challenges in accurately characterizing the soil and sediment interface 
through the CZ. Discontinuous thin films of organic and inorganic material which often 
coat mineral surfaces pose a particular challenge to the characterization of soil and 
sediment interfaces. Although present at trace levels, these “surface modifiers” can 
significantly alter interfacial chemistry relative to that of the underlying solids and 
thereby control solute partitioning and colloidal behavior (Bertsch and Seaman, 1999). 
These complex interactions could potentially have an impact on the sequestration 
potential of BC within the CZ.  
Leaching through the root and unsaturated zones drives uneven weathering of 
primary to secondary minerals. This promotes the formation of clay-sized layer silicates 
or “clay minerals” and various oxides and hydroxides of Fe, Al, and Mn, including those 
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that may “armor” primary mineral surfaces (Chorover et al., 2007). Formation of 
secondary clays in the unsaturated zone also affects the behavior of NOM, and vice versa. 
Poorly crystalized Al and Fe oxides stabilize NOM against microbial degradation and 
increase soil capacity of storing otherwise-labile carbon (Mikutta et al. 2006). Therefore, 
the presence of these clay minerals could encourage the sequestration of BC within soils 
of the CZ. 
While the environmental significance of mineral-organic association is apparent, the 
molecular-scale controls are not well understood. NOM contains amphiphile compounds 
which contain both hydrophilic (water-loving) and lipophilic (fat-loving) properties. The 
amphiphilic properties of NOM are probably fundamental to the formation of 
mineral-organic complexes, but the structures of these complexes remain unresolved. 
This is particularly the case in the root zone, because mineral-surface interaction and 
aggregate occlusion can potentially inhibit enzymatic degradation of NOM, accurate 
characterization is a key to predicting organic carbon stabilization in soils (Chorover et al., 
2007). 
The saturated zone is often less altered than the root and unsaturated zones, 
especially in calcareous terrains, because groundwater is less acidic and longer residence 
times allow closer approach to equilibrium with soil minerals (Chorover et al., 2007). A 
wide variety of pore sizes leads to a wide distribution of water flow velocities and pores 
are not randomly distributed; their network depends on the process leading to their 
formation, which, in turn, depends on location within the CZ. Small (nm to um) sized 
pores within mineral particles, black carbon (char), or particle aggregates can form by 
chemical weathering, fire, abiotic aggregation, and root-microbe-soil interactions. In the 
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latter case, the granular structure of surface soil, compared to the blocky structure of the 
subsurface, results directly from activity of plant roots, the influx of NOM and associated 
microbial activity (Feeney et al., 2006). These processes would also likely apply to 
macro-pores (>0.08 mm) in diameter.  
Landform structures also force migrating water through specific geochemical 
environments. One example is movement of rain water through oxic conditions on 
uplands, where Fe(III) oxyhydroxides might form, to an organic-rich zone at lower 
elevations where reducing conditions may predominate, promoting dissolution of Fe(II) 
(Chorover et al., 2007). Hot spots of biological activity may favor local N depletion 
through denitrification under anoxia or enhance local accumulation of trace components 
such as As, Se, and U (Gonzalez et al., 2006). By understanding microbial populations 
and geochemical processes in the CZ it may be possible to determine how these processes 
can affect black carbon sequestration within the CZ.  
 
1.4 Black Carbon and Soil Mineralogy 
 
As summarized in the research of Merino et al. (2015), the rhizosphere, a thin area of 
soil surrounding roots receiving carbon (C) exudation from plants, represents a site of 
intense competition for available C and nutrients between surface-reactive particles and 
soil microorganisms. This competition can dramatically limit the amount of C available 
for microbial growth and soil organic matter decomposition. Acceleration or retardation 
of decomposition of soil organic C caused by root activity is termed rhizosphere priming 
effect (RPE). This effect has been increasingly recognized to play a crucial role on native 
C destabilization as it is influenced by fresh C availability, microbial activity and soil 
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mineralogy such as crystallinity of clay minerals and Al-, Fe-oxides. By combining 
microbial ecology and soil mineral interactions, we can understand how soil 
characteristics and climate change can influence below ground competition for C 
resources.  
Carbon input from plants into surface soils is the primary source of soil organic 
matter. This input and the availability of C induce fast turnover near the roots, because 
space within the rhizosphere is not limited by available C (Kuzyakov, 2002). However, 
very little is known about absorption and desorption of different pools of organic 
components related to RPE in different soil types due to differences in soil mineralogy 
(Fisher et al., 2010). Soil mineralogy directly controls the available C by absorption 
processes, as well as indirectly by limiting diffusion of oxygen and water due to the 
availability of soil minerals in the formation of soil aggregates (Six et al., 2004). It has 
been suggested by Kalbitz and Kaiser (2008) that this relation makes C in soil less 
susceptible to microbial degradation.  
The interactions between minerals and organic matter within soils can lead to a 
stabilization of available C trapped or physically protected in micro-pores (Baldock and 
Skjemstad, 2000). It has also been suggested by Matus et al., (2008) that interactions 
between C and the surface of clay particles and oxides of Fe and Al may also play an 
important role in sequestering C within Fe and Al mineral rich soils. These minerals than 
also play a key function in chemical speciation, bioavailability of nutrients and 
detoxification (Olaniran et al., 2013). 
The role of Al and its effects on water extractable organic matter was evaluated in 
two old growth temperate rain forests by Merino et al., (2015). Their research did not 
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show any mineralization of soluble C by increasing the Al addition rate and potential 
toxicity by Al3+ was not observed during their study. However, Merino et al., (2015) 
concluded that the effects of Al on natural dissolved organic carbon degradation in 
mineral soils of forests is poorly understood and additional research is necessary to study 
Al-humus formation and Al3+ detoxification for their effect on C availability. 
Kalbitz et al. (2005) and Torn et al. (1997) further suggest that absorption of organic 
materials by minerals is an important way to maintain and stabilize organic carbon. This 
is due to the fact that organic compounds with minerals reduce microbial mineralization. 
Clay minerals are of particular interest in these situations due to their high specific 
surface area (SSA) and electric charge that enables them to enclose, and thereby, stabilize 
organic matter within soils. 
Jardine et al. (1989) showed through their research that certain minerals were 
particularly well suited at absorbing organic carbon in different soils. The research 
showed that amorphous and non-amorphous Fe oxides and hydroxide preserved 50-70 
percent of total dissolved organic carbon and that the remainder of the organic carbon 
was absorbed by other minerals, particularly kaolinite clay particles. Additionally, 
aggregates contain more than 90 percent of organic carbon in surface soils. Physical 
protection of C is an important factor controlling soil organic matter decomposition and 
degradation (Jastrow et al., 1996). The formation of reactive clay minerals through soil 
weathering has also been hypothesized to promote increased black carbon storage by 
providing bonding sites that enhance physical protection (Czimczik and Masiello, 2007).  
According to Cusack et al., (2012) short range order (SRO) minerals (primarily 
allophane and ferrihydrite) are of interest when determining a soils potential for the 
 20 
 
physical protection of organic carbon. SRO minerals are meta-stable nancrystals formed 
from weathering of silicate, Fe and Mg rich minerals. SRO minerals have a high surface 
area with abundant hydroxyl groups, and are one of the most chemically active inorganic 
components of soil. The largest quantities of SRO minerals have been measured in 
volcanic soils, but smaller amounts exist in soils from all major soil classes across a 
broad range of parent materials and climates (Kramer et al., 2012). The study of SRO 
minerals is particularly important due to their ability to potentially protect BC from 
weathering and by providing the appropriate Fe and Al rich minerals to facilitate 
chemical bonding. 
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2. Methods  
 
2.1 Quantifying Black Carbon 
 
Black Carbon (BC) spans the morphological range from microscopic soot to large 
wood charcoal and its abundance is notoriously difficult to quantify in mineral soil, with 
most common methods likely missing some portions (Hammes et al., 2007). Difficulties 
include random or biased losses of C groups during BC purification/isolation procedures, 
misidentification of other C compounds as BC, and even creation of new BC during the 
BC isolation procedures. In most quantification methods, the soil matrix surrounding the 
BC is often lost or altered, making it difficult to directly observe associations of BC with 
minerals (Cusack et al., 2012). 
One of the main difficulties in the classification of BC is to distinguish BC from 
non-pyrogenic organic matter which may be present in the soil. This is mainly due to the 
aromatic building blocks contained in organic matter occur in many other 
bio-components and apart from the exceptional aromaticity of and abundance of fused 
aromatics in BC, no specific functional groups are present (Kaal and Rumpel 2009). 
Several methods exist to provide quantitative data under specific circumstances but no 
universal quantification of BC contribution to soils has been established (Schmidt and 
Noack, 2000; Maisello, 2004; Hammes et al., 2007).  
As discussed in Chapter 1, soil organic matter (SOM) has a crucial effect on many 
soil properties such as carbon exchange capacity, nutrient availability, soil structure 
stability and water-holding capacity (Schlesinger, 1986; Janzen, 2004). These factors may 
impact the sequestration and availability of BC in soils. SOM exists in a complex, 
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heterogeneous mixture composed of products resulting from microbial and 
physiochemical transformations of organic remains of vegetal, microbial and animal 
origins (Derenne and Quenea, 2014). Due to this diversity in the makeup of SOM, its 
classification and quantification is as challenging as that of BC. However, it has been 
suggested by Dereene and Quenea (2014) that analytical pyrolysis can be used as a tool to 
determine the constituent parts of SOM. However, it is suggested in the literature that 
pyrolysis has difficulty deriving quantitative data. Despite this major drawback SOM 
pyrolysis does generate a wealth of compounds which can then be considered as markers 
for a given class of biomolecules thus allowing for the assessment of SOM sources.  
This study will attempt to answer a couple of key questions. Do spodic soils of 
Northeastern temperate forests contain the necessary minerals for binding BC to soils? 
Does the varied bioclimatic environment encountered at different elevations effect total 
BC concentrations? 
2.2 Study Location 
 
Due to the need to account for both climactic and soil weathering factors for this 
study it was decided to choose a study location which was within the poorly studied 
forests of the northeast United States. This area of the United States also contains 
spodosol soils which have also been poorly studied in relation to BC. To account for 
differences in climate and weathering factors, the study area also had to contain 
elevations ranging from approximately 1,000 to 5,000 feet (305 to 1524 meters). After 
researching various undisturbed forests within the northeast United States, one region 
stood out as an appropriate candidate, the White Mountain National Forest of New 
Hampshire. A permit application was sent to the United States Forest Service, which 
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approved our permit request to conduct the proposed research.  
Three areas were ultimately chosen within the White Mountain National Forest of 
New Hampshire. The locations selected were the northwest side of Mount Moriah, the 
west side of North Carter Mountain, and the west side of Mount Hight, refer to Figure 2. 
All three mountains sit along the Carter-Moriah Range which straddles the White 
Mountain National Forest and the Wild River Wilderness. The sampling locations chosen 
have a topographic gradient ranging from 1,000 feet (305m) to 4,675 feet (1425m) at the 
summit of Mount Hight. Water in the Carter-Moriah Range drains to the northwest into 
the Peabody River and to the southeast into the Wild River. 
Figure 2: New Hampshire Wilderness Location Map 
 
Source: ChaRuut, T. H. (n.d.)  
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The area encompassing the study location had previously been used for historic 
logging operations in the late 19th century but by 1914 this area was purchased by the 
United States Forest Service and marked for preservation, limited use for sustainable 
logging operations and as a wildlife refuge. The east side of the ridge is fully 
encompassed within the Wild River Wilderness which was designated as such in 2006 by 
the New England Wilderness Act (Wilderness, 2017).  
The study area is located within the White Mountain physiographic section of the 
larger New England province. The New England province is in turn part of the larger 
Appalachian physiographic division of North America. Igneous intrusions initially 
formed the White Mountains approximately 100 to 124 million years ago, as the North 
American Plate moved westward over the New England Hotspot (Flanagan, S. M. 1999). 
Most of the rocks surrounding the study area were once sediments on the eastern Margin 
of North America in the late Silurian and early Devonian periods (~400 Ma). These 
sediments were trapped during the collision between North America and a 
micro-continent called Avalonia, an event known as the Taconic Orogeny. These 
sediments were subjected to intense pressure and heat which metamorphized the rock 
producing the granite and gneiss which is predominate in the region (Eusden, 2013). 
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Figure 3: Bedrock Geology of New Hampshire 
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Following the formation of the mountains through plate tectonics and volcanism, the 
Pleistocene glaciers significantly changed the landscape of the White Mountains.  
During the most recent Wisconsin glaciation, approximately 85,000 to 11,000 years ago, 
the area of the White Mountains was completely covered under ice which was over one 
mile (1.6 kilometers) thick in places (Eusden 2013). The recession of the glacier further 
shaped and eroded the mountains and left behind glacial till (unsorted glacial sediment) 
which can still be seen today. The deposits of glacial till found throughout the area are the 
product of both direct deposition by the glacier as well as secondary deposits moved by 
fluvial transport and other processes (Flanagan, 1999).  
The typical soil parent material found throughout the area consists of sandy-skeletal 
supraglacial meltout till derived from granite and gneiss (USDA, 2017).  Soils in the 
study area are classified as spodosols which are typically acidic and sandy forest soils 
found in coniferous and boreal forests. Spodosols occur mostly on coarse-textured, acidic 
parent materials which are subject to leaching. Spodosols are most common in moist or 
wet areas, typically where it is cold or temperate, and acid leaching is the principal 
soil-forming process. They are mineral soils with a spodic horizon, a subsurface 
accumulation of illuviated organic matter, and an accumulation of aluminum oxides with 
or without iron oxides. Due to the acid leaching found in spodosols they are not typically 
considered fertile (Brady et al., 2002).  
 
2.3 Soil Sampling 
 
In each of the three sampling locations chosen for this study, soil samples were 
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collected at three transects along the topographic gradient of Mount Moriah, North Carter 
Mountain, and Mount Hight as shown in Figure 4. The sampling locations were located 
on native soil and avoided any areas known to have been heavily trampled, such as 
wilderness trails and campsites where recent human impacts could influence the data 
collected. The three samples were taken at elevations of approximately 2,000, 3,000, and 
4,000 feet (600, 900, 1200 meters) in elevation to obtain samples from locations which 
exhibit differences in climactic impacts such as annual rainfall, temperature and soil 
weathering over time. Table 1 provides coordinate locations for the samples collected and 
Figure 4 depicts them on a map of the study area. The samples collected from North 
Carter Mountain are included in sample series “A”, with sample numbers 1-3 
representing lower to higher elevations respectively. The samples collected from Mount 
Hight are included in sample series “B”, with sample numbers 1-3 representing lower to 
higher elevations respectively. Finally, samples collected from Mount Moriah are 
included in sample series “C”, with sample numbers 1-3 representing lower to higher 
elevations respectively. 
 
Table 1: Sample locations 
 
Sample ID Latitude Longitude Elevation (ft) Elevation (m)
1A 44° 18' 36.3" -71° 12' 47.1" 1,589 484.32
2A 44° 18' 43.0" -71° 11' 30.7" 3,021 920.8
3A 44° 18' 37.6" -71° 10' 28.8" 4,055 1,235.96
1B 44° 17' 29.4" -71° 12' 39.1" 1,889 575.77
2B 44° 16' 52.9" -71° 11' 1.5" 3,129 953.72
3B 44° 17' 19.3" -71° 10' 33.7" 4,189 1,276.81
1C 44° 20' 25.4" -71° 9' 29.9" 1,798 548.03
2C 44° 19' 58.0" -71° 8' 37.2" 2,984 909.52
3C 44° 20' 17.1" -71° 7' 49.1" 3,983 1,214.02  
 
Figure 4: Sample Location Map  
 
 
 Sample series “A” and “B” were collected on August 6th, 2016 and sample series “C” 
was collected on August 13th, 2016 at the locations indicated on Table 1 and Figure 1. The 
weather on each date of sampling was approximately 24°C and mostly cloudy with 
sporadic rain storms throughout the afternoon. With the purpose being to collect samples 
from undisturbed soil matrices, sample locations were chosen that did not contain any 
standing water to avoid deposited sediments. Table 2 outlines general observations of the 
soil collected and the sampling area. 
The sample locations were cleared of large brush, leaves, and general forest litter 
prior to sample collection. Samples were collected using a hand trowel to dig down to 
approximately 6 inches (15cm) below grade. Care was taken during sampling to avoid the 
collection of fresh undecomposed organic matter such as leaves and plants. The samples 
were then temporarily placed in sealable plastic bags prior to transfer to glass jars for 
storage in a temperature controlled refrigerator at 2°C in the Montclair State University 
Earth and Environmental Studies Laboratory. 
  
Table 2: General Sample Location Description 
 
 
Sample ID Elevation (ft) Elevation (m) Site Description
1A 1,589 484.32
Red spruce/heath/cinquefoil rocky ridge woodland: This community is found on dry to dry-mesic open and woodland ridgelines 
below 3000' with Picea rubens, lowland heath shrubs and herbs
2A 3,021 920.8
Sheep laurel-Labrador tea heath/krummholz: Found on peaks and ridges between 3000- 3500' (3700'), and characterized by a mix 
of Kalmia angustifolia  and Ledum groenlandicum . Heart-leaf birch and balsam fir krummholz are frequent or abundant, and Picea 
rubens is more common than P. mariana.
3A 4,055 1,235.96 Red spruce/heath/cinquefoil rocky ridges and moist montane heath woodlands.
1B 1,889 575.77
Red spruce/heath/cinquefoil rocky ridge woodland: This community is found on dry to dry-mesic open and woodland ridgelines 
below 3000' with Picea rubens, lowland heath shrubs and herbs
2B 3,129 953.72
Sheep laurel-Labrador tea heath/krummholz: Found on peaks and ridges between 3000- 3500' (3700'), and characterized by a mix 
of Kalmia angustifolia  and Ledum groenlandicum . Heart-leaf birch and balsam fir krummholz are frequent or abundant, and Picea 
rubens is more common than P. mariana.
3B 4,189 1,276.81 Red spruce/heath/cinquefoil rocky ridges and moist montane heath woodlands.
1C 1,798 548.03
Red spruce/heath/cinquefoil rocky ridge woodland: This community is found on dry to dry-mesic open and woodland ridgelines 
below 3000' with Picea rubens, lowland heath shrubs and herbs
2C 2,984 909.52
Montane Heath Woodland - has a taller woodland structure (25-60%
cover, >2 m tall), and a robust (40-150 cm tall) shrub layer.
3C 3,983 1,214.02
Subalpine Bog - dominated by Sphagnum mosses (including S. capillifolium, S.
fuscum, S. rubellum, S. russowii, S. lescurii ), and are differentiated from lowland
peatlands by subalpine plants such as Empetrum nigrum, Vaccinium uliginosum, and
Rubus chamaemorus. 
Reference: Spertudo, 1999
  Due to logistical and permitting limitations, it was only possible to collect samples 
from surface soils. Therefore, the samples were generally collected from a combination of 
the O and A soil horizons. However, it was anticipated these horizons would be the most 
likely to contain recent sources of black carbon due to forest fires, or anthropogenic air 
pollution. Additionally, it is possible black carbon may degrade before leaching into 
deeper soil horizons could occur and therefore sampling of surface soils could be more 
representative. However, no specific reference to this point was discovered in the 
literature and more research into the topic of BC in the whole soil profile may be 
required.  
 
2.3.1 Sample Preparation 
 
Prior to analysis as depicted in Figure 5, the samples were dried in the drying oven at 
105°C for 48 hours to ensure complete removal of moisture. The removal of any water 
content was vital to ensuring that evaporation of water during later tests did not 
inadvertently cause BC measurement errors. Table 3 outlines the average percent 
moisture of each sample collected. The percent moisture was determined by calculating 
the difference in sample weight before and after drying. 
Table 3: Percent Moisture 
Sample ID Percent Moisture (%)
1A 35.93
2A 36.58
3A 19.87
1B 25.56
2B 26.81
3B 23.15
1C 51.72
2C 52.68
3C 62.79  
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 Each sample was then processed through a 2mm sieve to remove large rocks, gravel, 
and larger forest debris from the samples. These larger objects in the soil would make the 
overall sample less homogenous and therefore could impact later analysis results. A 
smaller diameter sieve was considered for processing the samples but it was decided that 
a smaller sieve may eliminate larger sized mineral and black carbon constituents which 
are sought as part of this study. All the material grains larger than 2mm was then 
discarded and not used for the remainder of this study. The remaining material less than 
2mm in diameter was then screened by hand to remove any obvious twigs, roots or leaves 
which passed through the sieve. Removal of these large items was important to avoid 
large debris that could create spikes in TOC or BC concentrations which would not be 
representative of overall soil conditions. 
 Any further preparation necessary for individual analyses was performed from this 
initially processed material. Any additional preparation performed is further described in 
the sections below as applicable. 
 
2.4 Soil Particle Size, Mineralogy, and Nutrient Availability 
 
 
2.4.1 Soil Particle Size 
 
Soil particle size analysis was accomplished via laser diffraction using a Malvern 
Mastersizer 2000 laser particle sizer with a Hydro MU sediment dispersion unit located in 
the Sedimentology Laboratory at Montclair State University. The technique of laser 
diffraction is based on the principle that particles passing through a laser beam will 
scatter light at an angle that is directly related to their size: large particles scatter at low 
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angles, whereas small particles scatter at high angles. The laser diffraction is accurately 
described by the Fraunhofer Approximation and the Mie theory, with the assumption of 
spherical particle morphology. The particle sizes measured from 50 [nm] to 1300 [µm] in 
the samples analyzed. 
For the study, the average particle size of each sample was measured using a laser 
particle analyzer. The samples were first pretreated to ensure that each sample would be 
suspended properly in water to facilitate accurate measurement. The limitations of this 
method appear for small sizes (< 1 [µm], Mie theory), for non-spherical particles, and for 
materials with a low refractive index with respect to the dispersive medium. However, 
given the known composition of the soil samples these limitations did not hinder the 
collection of accurate measurements. The instrument was calibrated to an illite protocol 
with a refractive index of 1.6 which was ideal for measuring soils and sediments.  
 
2.4.2 X-ray Powder Diffraction Analysis 
 
X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for 
phase identification of a crystalline material and can provide information on unit cell 
dimensions. The analyzed material is finely ground, homogenized, and average bulk 
composition is determined. Only limited research has been conducted to study mineral 
factors that may be controlling black carbon sequestration potential, but it has been 
suggested that certain minerals, particularly clay minerals, may play a role in how much 
black carbon is stored in the soil. 
Prior to analysis via XRD, small portions of each sample were further ground down 
into a fine powder to facilitate better detection by the Philips X’PERT MPD XRD 
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instrument. The goal of the XRD analysis was to determine the primary mineral 
composition of the bulk soil samples. Each of the nine samples was analyzed using the 
same parameters and the data was then compiled and a Position (2 theta) graph was 
generated. The data was then run through X’Pert High Score software which matches the 
peaks detected in the samples with a known database of minerals. 
However, the XRD analysis as conducted is not capable of producing a complete list 
of each mineral present in the soil but it does give an approximation of the predominant 
minerals in each sample and their approximate distribution. This is mainly due to the high 
concentration of quartz material in the samples which can skew the readings needed to 
identify similar minerals present in smaller concentrations. Since no additional 
preparation method was utilized it was impossible to observe any clay minerals or other 
minerals present in smaller quantities with any confidence. 
2.4.3 Nutrient Concentrations  
 
Each sample was analyzed for pH, nitrogen (N), potassium (K), and phosphorus (P) 
which are all indicators and controls of nutrient availability as well as general weathering 
of minerals. These factors can play a role in the total concentration and residence time of 
BC within soils. The analysis of pH, N, K, and P were conducted using the LaMotte Soil 
Test Kit (Model EL/EM, Code 5679/5934) following the instructions provided by the 
manufacturer.  
2.5 Black Carbon Quantification 
 
Several methods and a wealth of data exist within the literature for the quantification 
of black carbon (BC) within soils and sediments. Generally, these methods fall into three 
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categories: optical, thermal, and chemical. Optical methods are most commonly used for 
the detection of BC in aerosols and has therefore not been considered for this research. In 
most methods, non-BC organic matter is first removed by selective oxidation (thermal or 
chemical). The remaining carbon residue is defined as BC and is quantified by various 
detection methods. The most important method imperfections are organic matter charring 
and losses of soot BC during solution handling and overoxidation (Cornelissen, et al. 
2005).  
 
Figure 5: Analysis Flow Chart 
 
 
The quantification of BC for this research was accomplished using a combination of 
two methods, loss on ignition, and chemo thermal oxidation at 375° (CTO-375). The 
initial measurement of total organic carbon (TOC) was obtained by using an adapted dry 
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loss on ignition (LOI) method as described in Schumacher (2002). To remove the TOC 
but keep partially combusted BC intact, a modified CTO-375 method was from the 
method described in Hammes et al. (2007). Namely, the chemical oxidation step was 
removed. The method used is further discussed in Section 2.5.3. 
The total BC concentration was then derived by calculating the difference between 
the LOI and CTO-375 results. The analysis was replicated a total of three times per 
sample to generate a meaningful average BC concentration. 
 
2.5.1 Loss on Ignition (LOI) 
 
Approximately 1g of homogenized sample was weighed and placed in a ceramic 
crucible. The sample weight of 1g per sample was chosen to ensure that the sample 
analyzed would be representative of a diverse medium such as soil. The crucible was then 
placed in a pre-heated muffle furnace and left for 24 hours at 550°C. As mentioned no 
chemical fumigation was utilized due to the presumed lack of carbonate minerals in the 
samples based on the known geology of the Site. Following the 24-hour period the 
samples were removed from the furnace and allowed to cool and then weighed. The 
difference between the initial weight and the weight post combustion was assumed to be 
the total organic carbon (TOC) in each sample which was combusted. The remaining 
material post combustion was observed to be only mineral material which was not studied 
further. 
This process was completed three times for each sample and the results were 
averaged. Conducting the analysis multiple times was particularly critical due to the 
variability observed in the soil samples due to an uneven distribution of pine needles, 
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roots, and other organic matter encountered. The average TOC percentage was then used 
in the calculation of the total BC percentage in each sample. 
2.5.2 CTO-375 
 
CTO-375 used in this study is modified from the method described in Agarwal and 
Bucheli (2010). Namely, the chemical oxidation step using hydrochloric acid (HCl) has 
been removed. The geology of the study area is well documented as being predominately 
granite and gneiss (Eusden, 2013), therefore the soils encountered were likely to contain 
little to no carbonate minerals. Additionally, the pH analysis showed generally acidic 
soils in the 4.0 to 4.5 range, and as explained in McLean (1982), a pH of 7.8 to 8.2 is 
indicative of calcium carbonates in soils. As noted in the literature, processing with HCl 
may lead to the inadvertent destruction of some black carbon (BC). Based on this 
information it was concluded that the concentration of carbonates in the samples would 
be negligible and the potential loss of BC due to processing with HCl would be more 
significant.  
In Agarwal and Bucheli (2010) it was suggested that the sample weight could 
influence measured BC. However, it was determined that the BC content was largely 
sample weight independent for the examined weight range of 5-25 mg. A larger 1g 
sample size was chosen for this study as it was thought to be more representative by 
including a larger variety of constituents making up the soil sample. The samples were 
then ground down by hand using a mortar and pestle. The samples were weighed in a 
ceramic crucible before being placed in a preheated muffle furnace at 375° for a 24-hour 
period. The samples were placed in a preheated furnace so that they heated quickly and 
charring of the samples could be avoided. Subsequently the samples were removed and 
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allowed to cool prior to being weighed. Similarly to the LOI analysis, the difference in 
weight pre-and post-combustion was used to represent the percent loss. Each of the three 
runs included all 9 samples. The average CTO-375 loss percentage was then used in the 
calculation of the total BC percentage in each sample. 
2.5.3 Pyrolysis-GC-MS 
 
 Analytical pyrolysis is a laboratory procedure in which small amounts of organic 
materials undergo thermal treatment, the products of which are subsequently quantified 
and/or characterized (Kruge, 2015). A total of three samples (2A, 2B and 3C) were 
selected to analyze via pyrolysis-GC-MS. Analyses were performed at the Environmental 
Assay Unit of the Scientific and Technical Services (SCTs) of the University of Oviedo in 
Asturias, Spain. The samples selected for analysis contained the largest quantity of 
measured BC. This analysis was conducted to determine the specific sources of the BC 
observed in each sample. Pyrolysis-GC-MS is particularly useful for this objective as it 
provides structural information on complex mixtures of organic matter. Pyrolysis-GC-MS 
involves thermal degradation of biomolecules followed by identification of the pyrolysis 
products by GC-MS (Kaal et al., 2008). Since pyrolysis-GC-MS analysis capable of 
effectively differentiating between types of carbon sources it is well suited to the analysis 
of BC in soils and sediments, where BC is often only a small fraction of total organic 
carbon. 
 Aliquots (ca. 0.3 mg) of dry, homogenized soil samples 2A, 2B, and 3C were 
analyzed by pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) using a 
Frontier Laboratories PY-2020ID pyrolyzer coupled to a Shimadzu QP2010 Plus GC-MS 
equipped with an Agilent DB-5MS-UI column (30 m × 0.25 mm i.d. × 0.25 μm film 
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thickness). The GC oven temperature was programmed from 50 to 300 °C (at 5 °C min-1), 
with an initial hold of 5 minutes at 50 °C and a final hold of 30 minutes at 300 °C. 
Column flow was set to 1 mL min-1 with a linear velocity of 36.3 cm sec-1 and a split 
ratio of 50:1.  The MS was operated in full scan mode (50-500 Da) with ion source and 
interface temperatures of 250 and 280 °C, respectively.   
 The pyrograms produced from the analysis were then further studied to determine 
what tracers were present and what compounds they represented. This identification is 
accomplished by comparing the molecular weight to known compounds. The compounds 
also have characteristic retention times (the number of minutes it takes to pass through 
the gas chromatograph). For example, if there is a peak on the m/z 178 trace at about 33.6 
minutes, we can be sure that it is due to phenanthrene. Through this process it is possible 
to determine all the constituent parts of the organic matter present in each sample, 
including BC. With this process, it was possible to determine what, if any, polycyclic 
aromatic hydrocarbons (PAHs) were present in the samples. The presence of PAHs would 
thus confirm the presence of BC measured within the samples. 
 Following the identification of PAH compounds the one sample which had a visible 
PAH peak (2B) in the total current ion trace was further scrutinized to determine which 
specific PAH compounds were present. The PAH ratios were then calculated using the 
method of Yunker et al. (2002) to determine the source of the PAH compounds. Using 
this method it was possible to determine if the PAH compounds measured were derived 
from petroleum, petroleum combustion or grass, wood and coal combustion. 
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3. Results 
 
3.1 Method Calibration: Loss on Ignition and CTO-375 
  
 To investigate the effectiveness of the proposed method, the LOI and CTO-375 
methods were tested using seven control materials. The materials tested include: 
 
• Hardwood Activated Charcoal 
• Calcium Carbonate 
• Methyl Cellulose 
• Alkaline Lignin 
• Graphite Powder 
• Activated Carbon 
• Powdered Charcoal 
 
Each material was chosen as a representation of basic compounds encountered in organic 
and black carbon sources within forest soils. These materials include both “living” and 
“dead” sources of carbon with varied yet similar chemical structures. The goal was to 
determine if any of the materials tested would react differently using the methods tested 
and if there would be any variables that should be accounted for when interpreting the 
output data. Figure 6 below shows the percent loss for each calibration material using the 
LOI and CTO-375 method. 
 
 
 
 41 
 
Figure 6: Percent LOI and CTO-375 in Calibration Materials 
 
 
 
 
The results of the calibration tests were mostly predictable with only limited 
exceptions. The calcium carbonate was untouched in both the LOI and CTO-375 analysis. 
The results of the analysis on the calcium carbonate highlights the need to use a chemical 
fumigation method during the sample preparation process if carbonate minerals are 
expected to be in the sample. Without using this extra step in situations where carbonate 
minerals are present it is possible to skew the results in an unintended manner. The 
methyl cellulose which represents general forest litter such as leaves and roots was 
completely combusted using both methods as expected. Thus, it was concluded that 
“living” organic carbon sources would be effectively removed from the samples and 
would not have a significant impact on the final results.  
 The powdered charcoal, hardwood activated charcoal, activated carbon, and graphite 
powder were all effectively combusted at 550° for 24 hours. Although, the graphite 
powder showed the smallest loss of 75%. The expectation is that these black carbon 
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surrogates would be relatively untouched at the lower temperature of 375° and therefore 
the difference between the LOI and CTO-375 results could be calculated into a black 
carbon value. However, the powdered charcoal and hardwood activated charcoal used 
exhibited almost the same percent loss at 550° and 375° which was counter to 
expectations. The activated carbon and graphite powder in contrast were relatively 
untouched from the CTO-375 analysis.  
 The only material tested which did not combust as expect using either method was 
the alkaline lignin. The alkaline lignin was chosen to represent the complex organic 
polymers which make up the composition of wood and bark which may be found in forest 
soils. The alkaline lignin was tested three times using the same method with similar 
results. No alternate forms of lignin were tested as part of the method calibration, 
therefore it is unknown if the lack of combustion was due to the alkaline nature of the 
lignin or another unaccounted variable. It was also noted that during the calibration 
analysis the alkaline lignin developed a crust during heating that may have hindered 
complete combustion. 
 Based on the results of the calibration tests it was concluded that the LOI and 
CTO-375 methods utilized are effective ways to measure black carbon and total organic 
carbon in the collected soil samples. During the method calibration, it was also concluded 
that activated carbon and graphite powder were the most effective surrogates for black 
carbon used in this study.  
 
3.2 Soil Particle Size 
 
The average particle size distribution was consistent throughout the samples 
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regarding the smallest and mid ranged particles observed. The results of the analysis are 
presented in Figure 7. However, there was much more diversity between samples 
regarding the largest particle size distribution. The correlation between average particle 
size and black carbon concentrations is discussed in Section 3.5. 
 
 
Figure 7: Average Particle Size Distribution where d(0.5), d(0.1) and d(0.9) refer to the median, 10th 
percentile, and 90ths percentile sizes.  
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Figure 7A: Average Partizle Size Diameter (um) 
 
 
3.3 Soil Minerology 
 
Two of the graphs showing the data output for each sample analyzed via XRD are 
included below in Figure 8, the remaining graphs for each sample are included in 
Appendix A.  
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Figure 8: XRD Analysis Data Output 
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The output data was then run through X’PERT High Score software which matched 
the peaks detected in the samples with a known database of minerals. Table 4 below 
summarizes the findings. 
 
 
Table 4: Summary of Detected Minerals 
 
Sample ID Predominant Minerals Detected
1A Quartz (SiO2), 
2A Quartz (SiO2), Muscovite (KAl2), Illite (K, H3O)
3A Quartz (SiO2), Fersilicite (FeSi), Graphite ( C )
1B Quartz (SiO2), Muscovite (KAl2), Illite (K, H3O)
2B Quartz (SiO2), Muscovite (KAl2)
3B Quartz (SiO2), Albite (NaAlSi3O8)
1C Quartz (SiO2), Albite (NaAlSi3O8)
2C Quartz (SiO2), Albite (NaAlSi3O8)
3C Quartz (SiO2), Muscovite (KAl2)  
 
The results of the analysis clearly indicated that the predominant mineral found in 
each sample was quartz. The next most prominent minerals detected were Muscovite and 
Albite which are also consistent with the known regional geology (Eusden, 2013). 
Interestingly graphite was observed in sample 3A which coincides with the black carbon 
measured in this sample. However, the remaining samples analyzed which also contained 
black carbon did not also have detectable amounts of graphite. This suggests that the 
source of black carbon measured is not related solely to the presence of graphite in the 
soil parent material. 
The XRD analysis as conducted is not capable of producing a complete list of each 
mineral present in the soil but it does give an approximation of the predominant minerals 
in each sample and their approximate distribution. Since no additional preparation 
method was utilized it was impossible to observe any clay minerals or other minerals 
present in smaller quantities with any confidence. The collected data was ultimately too 
general for determining any clear trends between black carbon concentration and 
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minerals present in the soil. 
 In the literature reviewed the clearest trend between minerals and black carbon 
concentration are regarding clay minerals. The XRD analysis completed was a general 
bulk soil analysis. Special sample prep was not conducted to isolate clay mineral portions 
within the samples. As a result, the analysis method was not sophisticated enough to 
detect the presence of these clay minerals. The results of the analysis depicted a 
homogenous mineral composition. As the results were so similar it was not possible to 
draw any further conclusions on how the mineral content of the soil might affect the total 
BC content.  
 
3.4 Soil Nutrients 
 
 Soil nutrient concentrations were measured to determine the general bio-availability 
within the surface soils which may affect the decomposition of BC. The results of the 
analysis are summarized below in Table 5. 
 
Table 5: Soil Nutrient Concentrations 
 
Sample ID pH P N K
1A 4.0 Trace Trace Very High
2A 4.0 Trace Low High
3A 4.0 Low Low High
1B 4.5 Trace Trace Medium
2B 4.5 Trace Trace Very High
3B 4.5 Trace Trace High
1C 4.5 Low Low High
2C 4.0 Low Low High
3C 4.5 Medium Low Very High  
 
Nutrient concentrations including pH were consistent throughout the sample group. 
The results suggest that the chemical properties of the analyzed samples were generally 
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similar and there was no clear trend that nutrient availability had an impact on total black 
carbon concentrations. More sophisticated methods for measuring pH, K, N, and P in soil 
samples would likely produce more specific values and provide the necessary data to 
calculate more subtle trends.  
 
3.5 Total Black Carbon Concentration 
 
Figure 9 below shows the individual results of the three rounds of LOI analysis 
performed on each of the nine soil samples. 
 
Figure 9: Percent Loss, Loss on Ignition – Study Samples 
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 The results of the three rounds of LOI analysis were generally consistent however 
there was some variability encountered in each sample. As previously discussed this 
variability may be due to differences in soil composition or instrument variables due to 
the analysis not being run at the same time on the same day. The average percent loss 
using LOI or total organic content (TOC) is depicted below in Figure 10. 
 
 
Figure 10: Average Percent Loss 550° (TOC) 
 
 
 
 
 
 50 
 
 The TOC observed varied from sample to sample. The difference in TOC was 
particularly notable along the elevational transect within each sample group. However, 
despite this variation there is no clear trend between sample elevation and TOC carbon. 
Sample group “A” had the clearest trend in TOC with TOC being lower as the elevation 
increases. This result was consistent with expectations based on vegetation distributions 
changing as you increase elevation and dense forest gives way to low alpine brush and 
rocky outcrops at higher elevations above 4,000ft. In sample groups B and C this trend is 
not clear due to alpine bogs which are more prevalent on Mount Hight and Mount Moriah 
respectively. 
 The results of each round of CTO-375 analysis for each sample is shown in Figure 11 
below. 
Figure 11: Percent Loss, CTO-375 – Study Samples 
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The results of the CTO-375 analysis had a similar distribution of values as the LOI 
analysis. This result was expected as it was assumed that BC would only representative a 
very small percentage of the soil as a whole. The difference between LOI and CTO-375 
results would have been more significant in a case where there was a recent or known 
forest fire history or other anthropogenic factors which could account for a high 
localaized concentration of BC. The similar results between the LOI and CTO-375 
method also served to confirm that the methods used were sufficient to measure the loss 
of carbon accurately and consistently. 
Figure 12: Average Percent Loss, CTO-375°- Study Samples 
 
 
Following the calculation of average loss on ignition at 550° for 24 hours and 
average loss at 375° for 24 hours the results were compared to determine the total BC 
concentration. Figure 13 depicts a comparison between the average percent loss in the 
LOI and CTO-375 analyses.  
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Figure 13: Comparison of Average TOC and BC 
 
 
The results revealed a sharp difference between percentages of BC and TOC. 
Additionally, only four (4) of the nine (9) samples analyzed contained any detectable 
amount of BC. Table 6 lists the average amount of BC measured in each sample. 
 
Table 6: Average BC Concentrations 
 
Sample ID Round 1 Round 2 Round 3 Average
Rounded 
Average
1A -0.37 -0.11 -8.83 -3.10333 0
2A 1.7 0.68 4.9 2.426667 2.43
3A 1.67 0.89 0.95 1.17 1.17
1B 1.53 0.94 -3.76 -0.43 0
2B 1.99 -6.13 7.94 1.266667 1.27
3B 4.35 1.3 1.49 2.38 2.38
1C -1.15 -0.15 -0.66 -0.65333 0
2C -1.02 -0.01 -0.91 -0.64667 0
3C 0.39 1.4 -14.22 -4.14333 0
Total BC Percentage
 
 
In samples where the average obtained was negative, it was assumed that the BC 
concentration was zero or otherwise too small to be detected by the method used. This 
 53 
 
difference could be attributed to equipment variables related to when each analysis was 
conducted or differences in the composition of the individual sample sizes. It is also 
possible that the amount of variability encountered was related to the size of the sample 
used to perform each analysis. Additional testing is necessary with smaller amounts of 
each sample to determine if this variable influenced the results. However, the 
preprocessing method was consistent with previous studies and should have ensured that 
each sample was adequately homogenized. It was also noted that samples 1A (round 3), 
2B (round 2) and 3C (round 3), saw anomalous results. 
The average percent BC was then compared with the TOC measured in each sample 
to determine if there was any trend between the two values. Figure 14 depicts the 
relationship between average percent BC and average percent TOC. 
 
 
Figure 14: Comparison between average percent BC and average percent TOC 
 
 
 
More BC was measured in samples with less TOC, however this trend is generally weak.  
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 The ratio of BC/TOC was further compared to the TOC of each sample. Figure 15 
depicts this comparison.  
Figure 15: Comparison of average percent BC/TOC ratio to average percent TOC 
 
 
 
This comparison revealed that the BC/TOC ratio is higher where TOC is lower. This 
trend is the strongest observed in the study.  
The results also indicated that there was no indication that altitude where the samples 
were collected influenced the amount of BC present in each sample. As shown in Figure 
16, no clear trend is present. 
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Figure 16: Comparison of percentage BC and sample elevation 
 
It was originally hypothesized that samples collected from higher elevations may 
have overall lower concentrations of BC due to increased percipitation and geomorphic 
activity at higher elevations, but this was not supported by the data. However, the “C” 
samples collected from the highest elevations did generally contain the highest 
percentage of TOC with the exception of 2C. This difference could be due to localized 
structural landforms which limit the transport of forest debris and instead form catch 
basins for organic material.  
Furthermore, the TOC in samples that contained the highest percentage of TOC may 
have not provided a suitable environment for the sequestration BC. Vegetation types at 
the sampling locations did not appear to play a major role in the distribution of BC. All of 
the samples were collected from fairly homogenous coniferous forest which contained 
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similar species of plants and trees in each sampling location. The samples with the 
highest concentrations of BC did not have any unique vegetation that would account for 
the higher detection versus samples with similar vegetation which had no detectable BC 
concentration. 
3.6 Correlation of Particle Size and Black Carbon Concentration 
 
It was also noted that there is a correlation between the samples with the greatest 
distribution of large particle sizes and the samples which had the highest TOC values. 
These results may suggest that these samples were comprised of larger portions of forest 
litter such as leaves, bark, and roots.  
As shown in Figure 2 above the average particle size in each sample varied from 
sample to sample. There was some consistency in the distribution of the smallest and mid 
ranged particles but the largest difference was observed in the large sized particles. This 
can be most easily attributed to large pieces of organic matter such as pine needles and 
large mineral concentrations which varied from sample to sample. In comparing the data 
between average particle size and black carbon distribution there does not appear to be 
any significant trend. The total black carbon concentration in each sample did not appear 
to be directly correlated to the average particle size. 
Although data regarding the individual composition of the samples could be 
accurately determined using the laser particle size analysis, there was no clear trends 
observed between the average particle size and total BC concentrations. Although it was 
hypothesized that larger particle sizes may indicate the increased presence of BC, 
particularly charcoal, the data collected did not support the hypothesis.  
However, the trend was stronger when comparing the distribution of larger particle 
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sizes to TOC content. Generally, the samples with the largest distribution of large particle 
sizes also contained the greatest quantity of TOC, particularly samples 1C, 3C, and 2B. 
The only notable exception is sample 3B. Therefore, one could conclude that the samples 
with the largest distribution of large particles also contained the highest quantity of BC 
but the overall particle size distribution does not make this connection completely clear. 
More targeted research would be necessary to determine if this trend is conclusive.  
3.7 Pyrolysis-GC-MS 
 
Following the pyrolysis analysis, a pyrogram was produced for each sample analyzed 
(2A, 2B and 3C) and the data was reviewed and annotated to show the major groups of 
compounds detected in each sample. These groups represent the major components of the 
organic material present in each sample. The annotated pyrograms are depicted in Figure 
17. The results showed that generally the three pyrolzates had similar compositions, with 
long chain aliphatics (mostly alkenes, also alcohols and ketones) and phenolic 
compounds predominating. Of interest are the steroids which were detected in all three 
samples. The steroids detected included stigmasterol derivatives. There are many steroids 
found in nature, but stigmasterol is a known marker compound for plants which grow at 
higher elevations. This finding is consistent with the soil samples being collected from 
higher elevations where the vegetation would need these steroids to thrive. 
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Figure 17: Total Ion Current Traces 
 
Legend 
A Long chain aliphatics (mostly alkenes, also alcohols and ketones)
C Fatty acids
F Phenolic compounds (simple)
L Lignin pyrolysis products (guaiacols)
N Nitrogen compound (alkylamide)
P Polysaccharide pyrolysis product
PHN Phenanthrene
S Steroids (stigmasterol derivatives)
T Triterpenoid  
 
Of the three samples analyzed only sample 2B contained a visible polycyclic aromatic 
hydrocarbon (PAH) peak. The phenanthrene (PHN) peak shown in Figure 17 was the 
only PAH peak visible in the total current ion trace. Sample 2B was further investigated 
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to determine the distribution of several key PAH compounds which may be present in the 
sample. Figure 18 shows the annotated chromatograms indicating key diagnostic PAHs 
detected in the pyrolyzate of Sample 2B. Of the three samples that were pyrolyzed, PAHs 
were relatively most abundant in Sample 2B, although only in trace amounts. 
 
 
Figure 18: PAH Distributions Sample 2B 
 
 
 In total nine (9) PAH compound peaks were visible in sample 2B. Table 7 lists all the 
PAH compounds visible in the sample. 
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Table 7: Peak identifications for Figure 18 
 
Compound Abbreviation 
Phenanthrene PHN
Anthracene ANT
Fluoranthene FLA
Pyrene PYR
Retene RET
Benzo[b,j,k]fluoranthene BFL
Benzo[e]pyrene BEP
Benzo[a]pyrene BAP
Perylene PER  
 
Of particular note is the detection of retene which is a known component of wood 
smoke (Killops and Killops 2005). The presence of these PAH compounds within the 
sample 2B confirms the presence of the BC measured within sample 2B. The relatively 
small peaks observed in the total ion trace also seems appropriate given that BC was 
measured as such a small portion of the overall organic soil carbon.  
The PAH ratios were then calculated using the method presented in Yunker et al. 
(2002) to determine the source of the PAH compounds in sample 2B. Figure 19 shows the 
PAH cross plots for the ratio of IPYR/(PYR+BPER) vs FL/(FL+PYR) 
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Figure 19: PAH cross plot for the ratio of IPYR/(PYR+BPER) vs FL/(FL+PYR) where FLA = fluoranthene; 
PYR = pyrene; IPYR = indeno[123-cd]pyrene; BPER=benzo[g,h,i]perylene. After Yunker et al. (2002). 
 
Figure 20 shows the PAH cross plots for the ratio of C0/(C0+C1) PHN+ANT VS 
ANT/(ANT+PHN). 
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Figure 20: PAH cross plots for the ratio of C0/(C0+C1) PHN+ANT VS ANT/(ANT+PHN) where PHN = 
phenanthrene; ANT = anthracene; C0 = parent compounds and C1= methylated. After Yunker et al. (2002). 
 
 The calculated Yunker ratios shown in Figure 19 and 20 shows that the source of the 
PAHs observed in sample 2B have been derived from combustion. The calculated ratios 
of the PAH compounds measured further shows that the BC measured in sample 2B was 
primarily derived from the combustion of organic carbon sources such as grass and wood. 
However, the calculations were derived from pyrolysis data instead of the standard 
GC-MS of liquid soil extracts used by Yunker.  It is possible this difference in source 
data may have slightly influenced the results but the trend is still clear. Although only 
limited data was collected, analysis of soil samples via pyrolysis appears to be an 
effective means of qualifying and quantifying BC concentrations in soil. 
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4 Conclusion  
 
BC was found in measurable amounts in 4 of 9 samples. The strongest trend observed 
in the dataset suggests that the BC/TOC ratio is higher where TOC is lower. This 
conclusion appears to be irrespective of elevation. Although more BC was measured in 
samples with less TOC, this trend is generally weak. It was observed that the highest BC 
concentrations were observed in samples from higher elevations. This could be due to 
factors related to mineralogy or climate related factors. Additional data regarding specific 
clay mineral concentrations and a detailed review of climate records would be necessary 
to confirm this hypothesis.  
Variability was encountered in the analysis of both BC and TOC which may be due to 
several factors, such as lignin or charcoal in the samples for which the method was not 
adequately calibrated to account for. The alkaline lignin tested only saw a loss of 36 
percent at 550° and 24 percent at 375°. It was expected that the lignin would have been 
fully combusted at both temperatures. The hardwood activated charcoal saw a loss of 95 
percent at 550° which was in line with predictions but an 80 percent loss was measured at 
375°. It was expected that the total loss of hardwood activated charcoal at 375° would 
have been significantly lower. Similarly, the powdered charcoal tested saw a loss of 87 
percent at 375° which was higher than expected. As the analyses were all run three times 
with similar results, instrument variability is not considered a significant factor.  
It was hypothesized that samples collected from higher elevations may have overall 
lower concentrations of BC due to increased percipitation and geomorphic activitybut this 
was not supported by the data. However, the “C” samples collected from the highest 
elevations did generally contain the highest percentage of TOC. This difference could be 
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due to localized landforms which limit the transport of forest debris and instead form 
catch basins for organic material. As these samples contained primarily organic material, 
the mineral concentrations may have been too small to facilitate the bonding of smaller 
black carbon particles. Additional research is necessary to determine the specific 
concentrations of minerals in these samples, particularly clay minerals, to determine if 
corrilations exist between mineral and BC concentrations. 
The detection of BC in 4 of 9 samples analysed suggests that BC is a detectable 
portion of TOC. However, the low percentage of TOC it represented in this study 
suggests it may not be a major portion of TOC in all soil types as suggested by Schmidt 
and Noack (2000). The percentage of BC present in soils seems largely dependent on the 
proximity to human activity and natural fire history of the study area as demonstrated by 
Griffin and Goldberg (1979, 1983) and Schmidt and Noack (2000).  
 Of the three samples with measurable amounts of BC analyzed via pyrolysis only 
one sample (2B) had a visible PAH peak in the total current ion trace. Upon closer 
examination this sample was found to contain nine diagnostic PAH compounds. Using 
the collected data Yunker (2002) ratios were calculated and the results of this calculation 
concluded that the PAHs were derived from the combustion of primarily grass, wood and 
charcoal material. Although limited, the pyrolysis data confirmed the presence of BC 
within the soil sample analyzed.  
The methods used in this study appear to be an effective and consistent means of 
measuring both BC and TOC concentrations in soils. However, the method as presented 
assumes the absence of carbonate minerals in the sampled material. It is hoped that this 
study will provide data documenting total BC and TOC in hereto understudied 
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northeastern temperate forests. It was also concluded that bulk soil mineraology is not 
sufficient for determining the relationship between minerals and BC in soils. More 
precise measurements are necessary to draw further conclusions. The results of the 
limited pyrolysis analysis appears to be an effective means of confirming the presence of 
measurable BC within the soil samples. 
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